ABSTRACT: Nitrogen fixation in the Baltic Proper was estimated from the increase in total nitrogen concentration in the upper mixed layer (UML) during summer stratification, using high spatial replication to address the well-known heterogeneity of nitrogen-fixing cyanobacterial blooms. Total nitrogen increase in the UML was found to be 3.2 µmol l -1 in both the Western and Eastern Gotland basins. When corrected for atmospheric deposition and sedimentation, basin-wide Baltic nitrogen fixation (excluding the Gulf of Bothnia) was estimated to be ~310 ktons nitrogen in 2002. Of total nitrogen increase, only 6% was estimated to remain in the peak biomass of the dominant cyanobacterium Aphanizomenon sp., indicating large leakage of bioavailable, fixed nitrogen. Peak abundance of Aphanizomenon sp. was estimated to be 16 and 14 m l -1 of filaments in the Western and Eastern Gotland basins, respectively. Results show that the western and eastern basins were similar but comprised considerable spatial heterogeneity at smaller scales. Power analysis was used to estimate the number of replicates required to detect given changes in total nitrogen concentration increase and abundance of Aphanizomenon sp. between 2 yr. This analysis revealed that 10 to 20 replicates are required on a basin-wide scale to detect a 50% change between years by ANOVA. 
INTRODUCTION

Cyanobacterial blooms in the Baltic Sea
The Baltic Sea is a brackish, non-tidal, semienclosed sea consisting of 5 major sub-areas (see Fig. 1 ). Surface salinity ranges from ~2 PSU in the northernmost Bothnian Bay to ~10 PSU in the southwestern part inside the Danish Sounds. Average depth is ~56 m and the maximum is 459 m. In deeper parts, a permanent halocline at 60 to 80 m separates surface water from deep water, which regularly experiences severe anoxia when the rate of water exchange with the North Sea is low. Extensive summer blooms of filamentous nitrogen-fixing cyanobacteria occur yearly in the central region (the Baltic Proper). They consist of Aphanizomenon sp. (previously described as A. flosaque but identified as a separate species by Janson et al. 1994) , the toxic Nodularia spumigena and, to a lesser extent, Anabaena spp. These blooms are natural to the Baltic and have occurred as far back as ~7000 yr BP, soon after the freshwater Ancylus Lake turned brackish owing to water exchange with the Atlantic Ocean (Bianchi et al. 2000) . However, there are indications that blooms have increased in intensity in recent decades (Kahru et al. 1994 , Finni et al. 2001 , Poutanen & Nikkila 2001 and, since 1995, blooms of the toxic N. spumigena have also extended into the Gulf of Finland where they did not previously form (Kahru et al. 2000) . Nitrogen-fixing filamentous cyanobacterial blooms are of concern because they interfere with the recreational use of the sea and because the nitrogen they fix may aggravate Baltic eutrophication.
The main factors favoring the growth of these filamentous cyanobacteria are availability of phosphate, high water temperatures, and a stable water mass (Kononen et al. 1996 , Kahru et al. 2000 , Larsson et al. 2001 , Kanoshina et al. 2003 . The spring bloom in the Baltic Proper drains the surface water of inorganic nitrogen but leaves sufficient phosphate to give nitrogen-fixing cyanobacteria a competitive advantage over other primary producers. Deep-water anoxia causes the sediments to release phosphate, increasing deep-water phosphate concentration. Major inflows of high salinity water can force this phosphate to the surface, as happened after a major inflow in 2003. This ended a 10 yr deep-water stagnation period, and created preconditions for large nitrogen-fixing blooms. In the warm summer of 2005, a historical and very large Nodularia spumigena bloom followed high surface phosphate levels in spring.
Nitrogen fixation in the Baltic Proper
Eutrophication caused by the anthropogenic load of nitrogen and phosphorus from ~85 million people living in the Baltic drainage area has aggravated anoxia in the deep waters of the Baltic Proper. The external load of nitrogen in the Baltic Sea was recently estimated to be ~1000 ktons N yr -1 (HELCOM 2004) , and nitrogen fixation is a substantial additional internal source. Existing estimates of basin-wide nitrogen fixation in the literature (Rahm et al. 2000 , Larsson et al. 2001 , Wasmund et al. 2001 , Schneider et al. 2003 and sources cited within) range from ~1 to 318 mmol N m -2 yr -1 (corresponding to ~3 to 1000 ktons N yr -1 ), i.e. from being almost insignificant to equalling the total external nitrogen load. Most recent studies agree that nitrogen fixation contributes a substantial portion to total nitrogen load, but the uncertainties are still large. Since nitrogen-fixing cyanobacteria are favoured by low ratios of inorganic nitrogen to phosphorus, it is important to quantify basin-wide nitrogen fixation as a basis for correct abatement measures for eutrophication.
Sedimentation of the spring bloom causes an early summer minimum in total nitrogen concentration in the upper mixed layer (UML). In mid-summer a distinct pycnocline develops at 15 to 20 m in the Baltic Proper, and nitrogen fixation causes the total nitrogen concentration in the UML to increase again to form a late summer maximum. Larsson et al. (2001) used this increase, corrected for atmospheric deposition and sedimentation, to calculate basin-wide nitrogen fixation in the Baltic Proper as 180 to 430 ktons N yr -1 . However, the abundance of nitrogen-fixing filamentous cyanobacteria in the Baltic Proper is spatially very heterogeneous. Remote sensing reveals huge variations in abundance on the scale of 100s of km, and drastic variation at much smaller scales is evident when a bloom is observed from ship-deck. When sampling any variable connected to cyanobacterial blooms, spatial variation can thereby be confounded with intra-and interannual differences, making the estimate uncertain. In this study, we estimate the abundance of Aphanizomenon sp. and the summer increase in total nitrogen concentration in the UML using a high level of spatial replication. Integrating from these data, we calculate basin-wide nitrogen fixation and discuss our results in relation to other studies. Because of the central role of nitrogen fixation in Baltic eutrophication, it is important to detect trends in the magnitude of cyanobacterial blooms and their nitrogen fixation within a reasonable time-frame. We therefore use power analysis to estimate the number of samples required to detect prescribed changes in the studied variables.
MATERIALS AND METHODS
Sampling area. In the boreal summer of 2002, we measured total nitrogen concentration in the UML and the abundance of Aphanizomenon sp. at 9 stations each in the north Western Gotland Basin (WGB, Stns W1 to W9) and Eastern Gotland Basin (EGB, Stns E1 to E9) at biweekly (i.e. fortnightly) to monthly intervals, depending on season, in order to cover basin-wide variation (Fig. 1 , Table 1 ). The stations were arranged on an approximate south-to-north route and were ~5 nautical miles (nm) apart.
Sampling methods. Depth-integrated samples of cyanobacteria in the UML were taken by gently submerging a plas- tic hose from the surface down to the pycnocline. This method (Lindahl 1986 ) is routinely used to sample phytoplankton in the Baltic COMBINE monitoring program of the Helsinki Commission (HELCOM), and was recently evaluated for filamentous cyanobacteria (L. Almesjö & C. Rolff unpubl.) . We used a 20 m hose (inner diameter 19 mm) and emptied its contents (~5.7 l) into a 20 l polycarbonate bottle. To decrease small-scale variation, 3 hoses were pooled and mixed by gentle rotation. A 7 ml syringe sample of unfiltered water was taken for analysis of total nitrogen. This subsampling method using a syringe was evaluated to have coefficients of variation < 2% for total nitrogen concentration in replicates from the same water sample during the summer period. A 200 ml sub-sample for numeration of Aphanizomenon sp. filaments was also immediately preserved with 0.9 ml acetic Lugol's solution. The national Swedish monitoring program also samples by hose, but samples are unpooled and each sample therefore represents the contents of 1 hose. Hose samples are generally not used for chemical analyses in the HELCOM program. To prevent contamination, we used an armoured PVC hose with a high quality inert inner lining of food grade polyethylene, which had been rinsed with tap water (~2.5 bar) for 24 h, and controlled for effect on total nitrogen by allowing tap water to remain in the hose for 10 min. No differences were detected between water obtained directly from the tap and water from the hose. The hose was fitted with a 5 kg stainless steel tube at the submersed end to enhance sinking. It was plugged with machine-washed silicon plugs between samplings and rinsed 5 times at each station by submerging and emptying it immediately before sampling.
Analytical methods. Total nitrogen concentration was analysed in unfiltered water by persulphate digestion followed by flow injection analysis (QuikChem 31-107-04-1-B). The abundance of Aphanizomenon sp. was estimated with a newly developed image analysis method (L. Almesjö & C. Rolff unpubl.) as well as with conventional Utermöhl counting (Utermöhl 1958) . The image analysis method was developed to reduce the time required for numeration and to generate more detailed information on filament morphology. Samples were allowed to settle for ~24 h in counting chambers (25 or 50 ml, depending on filament abundance). Twenty images per sample were recorded with a black and white CCD video camera (Sony XC-75CE) connected to an inverted light microscope (Leica DM IRB) and a PC. A macro written in the image analysis software Leica Qwin identified Aphanizomenon sp. filaments by comparing the dimensions of all objects with pre-set threshold values, and the correctness of identification was visually confirmed. The dimensions length, width, area and position were measured for all accepted objects (i.e. those fitting within the threshold values). To ensure precision in image analysis measurements, 25% of the samples were also manually counted with the Utermöhl (1958) ), which is a very exact abundance estimate because the error of length estimates in image analysis is very small. The distribution of individual filament lengths was skewed to the right (arithmetic mean 191 µm, geometric mean 159 µm per filament), whereas the width of filaments was approximately normally distributed around 4.5 µm. Since the relative measurement error in width is considerably greater than for length, conversion to biomass is a less exact abundance estimate. An approximate conversion to carbon can be made using the factor 1.5 pg C m -1 of filament (Edler 1979 , Kononen et al. 1996 .
Statistical methods. Statistical analyses were conducted with Statistica 6.1. Differences between sampling occasions were tested by ANOVA. Data were transformed to fulfil ANOVA assumptions of variance homogeneity and normally distributed residuals, as tested by Cochran's C-test and by normal probability plots of within-cell residuals. Post hoc tests for differences among means were made by Tukey's Honestly Significant Difference (HSD) test. Total nitrogen samples from Stns W7 and E7 on May 7-8 were missing, and for this ANOVA Tukey's HSD test for unequal N was used. Aphanizomenon sp. filament abundance could not be transformed to variance homogeneity for both basins in the same analysis, and was therefore tested by basin-wise ANOVA after log(y + 1) transformation. A single extreme value from Stn W9 (July 23) was excluded.
RESULTS
Oceanographic background data at monitoring Stn BY31
The annual cycles of temperature and nutrients were typical of the northern Baltic Proper (Fig. 2) . Sedimentation of the spring bloom in March-April depleted the UML of inorganic nitrogen. Phosphate concentrations also decreased drastically, but a low concentration (~0.05 µM) remained during summer (however, at such low levels, it is unclear if the phosphate analysis reflects actual availability of phosphate). Phosphate surplus favours diazotrophic cyanobacteria, which are generally considered to be phosphorus-limited in the Baltic (Niemi 1979 , Larsson et al. 2001 , Rydin et al. 2002 , Moisander et al. 2003 . The temperature of the UML above the thermocline at 15 to 20 m depth increased to a maximum in July-August (Figs. 2 & 3) with a minor upwelling event in late June. Salinity varied around 6 PSU with no clear seasonal variation.
Total nitrogen concentrations in the UML and abundance of Aphanizomenon sp.
Total nitrogen showed a remarkably similar time-pattern in the WGB and EGB (Fig. 4a, Table 1 ), but concentrations were on average 1.3 µmol N l -1 higher in the eastern basin. ANOVA tests indicated significant differences for both sampling dates and basins (Table 2 ), but no interaction effects. In both areas, the lowest concentration was recorded on the first sampling occassion (May 7-8) and the peak on the fourth sampling occasion (July 23-24). The concentration increase was continuous in both basins, and most rapid between the second and third sampling occasions (between June 3 and July 1). In the WGB, the concentration increased from 19.9 to 23.2 µmol N l Table 1 ) was also similar between the WGB and EGB. Data from both basins could not be transformed to variance homogeneity in a factorial ANOVA. Differences between basins could therefore not be statistically tested, but appear to be small (Fig. 4b ). Both basins showed highly significant differences among sampling dates (Table 3) . Between May 7-8 and July 1-2, the abundance of Aphanizomenon sp. increased from 1.5 to 16 m l -1 in the WGB and from 2.3 to 14 m l -1 in the EGB, and peaked (July 1) before total nitrogen concentration (July 23) in both basins. From July 1-2 to July 23-24, the abundance declined slightly but this reduction was not statistically significant (Post hoc: p WGB = 0.58, p EGB = 0.62). The bloom then declined rapidly to < 2 m l -1 in early September (Fig. 4b) . The standard deviations (SDs) of abundance estimates were large (Table 1 , see 'Discussion').
The similarity between WGB and EGB suggests that the dynamics of total nitrogen in the UML (and hence nitrogen fixation) and Aphanizomenon sp. abundance in the 2 basins is reasonably similar. However, the large SDs (Table 1) indicate considerable spatial heterogeneity at smaller scales. Total nitrogen concentrations were consistently slightly higher in EGB. Summer concentrations of total nitrogen in the UML are generally higher in the central Baltic Proper than in the northern part. This possibly reflects high nitrogen loads from the large southern Baltic rivers and/or the intensity of nitrogen fixation (the largest surface accumulations of Nodularia spumigena visible in satellite images are often observed in the central part). However, in the present study, the highest abundances of Aphanizomenon sp. were found in the southern part of WGB (Fig. 5) and were, at the abundance maximum, generally slightly higher in the northern part of EGB than in the southern part (Fig. 5) 
DISCUSSION
Sources and sinks of summer total nitrogen
The increase in total nitrogen by 64 mmol N m -2 must be adjusted for inputs and losses in order to estimate nitrogen fixation. There was no net total nitrogen input to the UML by transport across the pycnocline, because total nitrogen concentration was lower below the cline. Atmospheric deposition is an important input term but there are few published estimates for the entire Baltic Proper. The annual deposition of nitrogen in the Baltic Proper was reviewed and synthesised by modelling by Granat (2001) . He estimated wet and dry deposition of total nitrogen at 4.8 to 6 mmol N m -2 mo The correction for losses by seasonal nitrogen sedimentation adds more uncertainty than that for atmospheric deposition. Because of their buoyancy, direct sedimentation of filamentous cyanobacteria is generally low (Heiskanen & Kononen 1994 , Sellner 1997 , and grazing on cyanobacteria appears to be negligible in the Baltic (Sellner et al. 1994) . Even though primary production is high, the sedimentation of particulate matter is lower in summer than in other seasons. Th as a tracer, Gustafsson et al. (2004) found sediment traps to underestimate slowly settling organic-rich aggregates by a factor of 3 to 10. Another potential loss is denitrification, but this was found to be negligible in blooms (Tuomainen et al. 2003) .
Basin-wide nitrogen fixation estimates
The most productive stage of a bloom lasts about 6 wk, during which atmospheric deposition can be assumed to contribute 6 mmol N m ) was obtained by Schneider et al. (2003) , who calculated nitrogen fixation from changes in the CO 2 budget of the water mass. However, this calculation postulated an input of 100 to 200 mmol N m -2 during spring, which was contradicted by repeated 15 N 2 measurements taken in this period (Wasmund et al. 2005) . Recent studies that directly measured nitrogen fixation, or nitrogen increase during a bloom, all arrive at ~100 mmol N m -2 yr -1 as a likely estimate. To compare nitrogen fixation with other nitrogen inputs to the Baltic Sea, an approximate basin-wide annual estimate can be calculated. Dense nitrogenfixing blooms occur mainly in the central areas of the Baltic Sea. The volume above 20 m in the Baltic Proper (including the southern parts of the Åland and Archipelago Seas, the Arkona area and the Belt Sea), Gulf of Finland and Bay of Riga (Fig. 1) ). Larsson et al. (2001) calculated 5 yr means for nitrogen fixation, which were similar in all studied areas of the Baltic Proper except for a higher value in the Bornholm basin. Assuming homogeneous nitrogen fixation in the Baltic Proper, our measurement can be used to estimate total fixation to be ~310 ktons N yr -1 . This exceeds previous estimates of ~100 ktons N yr -1 (Niemistö et al. 1989 ), 20 to 190 ktons N yr -1 (Hübel & Hübel 1995) natural background load, and ~75 ktons N yr -1 point sources. The Baltic nitrogen fixation estimated in this study was accordingly larger than the atmospheric deposition and natural external load, and almost of the same magnitude as the anthropogenic load from diffuse sources. Therefore, a change in rate of nitrogen fixation is likely to substantially affect the eutrophication of the Baltic. Should the high estimate of Schneider et al. (2003) be correct, nitrogen fixation would equal all other sources taken together. However, this would imply a greater increase in total nitrogen in the UML than seen so far or a much higher sedimentation loss. Most calculations of nitrogen fixation are quite sensitive to assumptions concerning sedimentation. A 50% greater sedimentation rate, which is still within the possible range (Larsson et al. 2001 , Wasmund et al. 2001 , would boost the nitrogen fixation calculated here to 365 ktons N yr -1 (108 mmol N m -2 yr -1
). How representative is the 2002 estimate of annual nitrogen fixation when compared to other years? Cyanobacteria have been sampled with high frequency at the national Swedish monitoring station BY31 (= W9) since 1990. The Aphanizomenon sp. bloom at this station occurs within the months June to September, and peak abundances are generally found in July. Spatial variability makes it difficult to compare peak abundances among years. Transport of water masses may also cause drastic changes between consecutive sampling occasions. Nitrogen fixation is likely to be dependent not only on the abundance, but also on the duration of a bloom. High abundance of short duration may result in lower nitrogen fixation than a long bloom with lower abundances. Within the period May 28 to September 30 the biweekly monitoring pro-gram sampled on 9 occasions, and the average abundance during this period can be used as an approximation of bloom size (Fig. 6) ) with a very high maximum abundance. Another way to approximate the bloom is to integrate the area below the abundance curve for the same dates (not shown). The results were quite similar and suggest that the 2002 bloom was slightly below normal bloom-size for the years 1990 to 2003 and can therefore be considered representative. It is, however, important to note that the abundance of Nodularia spumigena was not evaluated owing to its extreme patchiness, which makes abundance estimates unreliable.
Distribution of fixed nitrogen in particulate and dissolved nitrogen
Average Aphanizomenon sp. abundance in the UML (top 20 m) was 15 m l -1 at the peak of the bloom (July 1), corresponding to ~0.45 g C m -2 (see 'Materials and methods'). Larsson et al. (2001) observed the molar C:N ratio of filamentous cyanobacteria (mixed Nodularia spumigena and Aphanizomenon sp.) at the peak of the bloom to be ~6.5. Using this ratio, the peak population of Aphanizomenon sp. ) was assumed to remain in the filaments at the peak of the bloom. Since only Aphanizomenon sp. filaments were estimated, and not the other major bloom species Nodularia spumigena, this will underestimate the amount of fixed nitrogen remaining in the biomass of the nitrogen fixers. Monitoring data from the northern and central Baltic generally show that Aphanizomenon sp. dominates the biomass and has a more extended bloom period. If the amount of nitrogen contained in N. spumigena is assumed to be at most equally large, a maximum of 12% of fixed nitrogen would remain in the biomass of both species. There is ample evidence that diazotrophic cyanobacteria fix more nitrogen than needed to sustain their growth (Capone et al. 1994 , Glibert & Bronk 1994 , Ohlendieck et al. 2000 , Rolff 2000 , Larsson et al. 2001 , Gallon et al. 2002 . The excess nitrogen can be released as NH 4 + or as amino acids (Capone et al. 1994 , Gallon et al. 2002 . Further support for this hypothesis is given by the fact that the abundance maxima of Aphanizomenon sp. in 2002 preceded the nitrogen concentration maxima in both basins. Filamentous cyanobacteria appear to be unpalatable and little grazed in the Baltic (Sellner et al. 1994) , and are therefore unlikely to directly support much consumer production. However, by supplying limiting nitrogen in bioavailable forms during summer, they should stimulate production by other phytoplankton, and thereby eventually fish production.
Detecting changes in cyanobacterial blooms
Since nitrogen fixation by blooms is clearly a major source of nitrogen in the Baltic Proper, changes in the extent of blooms could potentially result in large changes in the input of nitrogen. Since the mid-1990s, severe anoxia in the deep waters of the Baltic Proper has caused increased phosphate release from sediments, and by 2003-2005 this excess phosphate had reached the surface, where high concentrations were measured even after the spring bloom. Potentially, an increase in phosphate availability, whether from sediment release or direct anthropogenic load, could increase the intensity of summer cyanobacterial blooms. In summer 2005, a very large bloom of Nodularia spumigena occurred in the Baltic Proper, probably caused by very warm, calm weather in July, in combination with the phosphate surplus in surface water. The bloom caused extensive, foul-smelling surface scums, which interfered with recreational water activities and fishing, and the potential toxicity of N. spumigena created public concern. Although exceptional, Finni et al. 2001) . The pressure for management actions to limit the extent of such blooms has therefore increased, and reliable monitoring of blooms must be considered a top priority.
Cyanobacterial blooms in the Baltic Proper are spatially highly heterogeneous (Kahru et al. 1994 , Wasmund et al. 2001 , Kanoshina et al. 2003 . Through their buoyancy, they accumulate as surface scums in calm weather conditions. In intermediate wind conditions, Langmuir circulation causes them to aggregate in stripes, whereas Ekman transport may affect the blooms in large areas. During extended periods of high winds they become more evenly distributed in the water mass, but may re-accumulate at the surface once calm returns. This tendency to aggregate can cause huge abundance differences on scales ranging from metres to many nautical miles, which creates statistical problems when attempting to compare bloom intensity among years. Therefore, little is reliably known about the long-term time trends of blooms at basin-wide scales (Kahru et al. 1994 , Wasmund 1997 , Finni et al. 2001 , Wasmund & Uhlig 2003 . There are, however, some indications that blooms (particularly the abundance of Nodularia spumigena) have increased in intensity in recent decades (Kahru et al. 1994 , Finni et al. 2001 , Poutanen & Nikkilä 2001 .
The filamentous diazotrophic cyanobacteria found in the Baltic can regulate their buoyancy to some extent (e.g. Walsby et al. 1997) , and short-term differences in depth distribution caused by variations in buoyancy may in surface samples be interpreted as abundance variation over time. In the Baltic, only Nodularia spumigena regularly accumulates in surface scums; Aphanizomenon sp. is generally more evenly distributed in the water column, with an abundance maximum around 6 to 10 m (Hajdu et al. 2007 ). We estimated abundance only for Aphanizomenon sp. because the method of sampling with an integrating hose produced high variability among replicates for N. spumigena (L. Almesjö & C. Rolff unpubl.) . Surface accumulations seen in satellite images are dominated by N. spumigena (Kahru et al. 1994) , and remote sensing may therefore be useful in assessing the abundance of this species. Since the abundance maximum of Aphanizomenon sp. is generally too deep for detection by satellite, little is known about the large-scale spatial distribution of this species, which generally greatly dominates samples of filamentous cyanobacteria in the northern Baltic Proper (Larsson et al. 2001) . The high level of replication in our data can be used to calculate power for detecting changes in nitrogen fixation (estimated as change of total nitrogen in the UML) and in Aphanizomenon sp. abundance.
Most monitoring programs take a single sample at each station on each sampling occasion. With this design it is not possible to separate temporal variation from small-scale spatial variation. Because no stationspecific variance estimate is obtained on each sampling occasion, it is not possible to test for differences among years at specific stages of the bloom. It is only possible to test an average of values during bloom development, which confounds intraannual variation with interannual variation, and decreases the power of the test. The problems of using a single station to estimate bloom development become clear when inspecting the time series for individual stations (Fig. 7) . Large differences were observed among individual stations, and even neighbouring stations exhibited marked differences in total nitrogen concentrations (e.g. W6 and W7, E5 and E6). The abundance peak of Aphanizomenon sp. was more synchronous in the western basin than in the eastern, but even here conspicuous differences were observed e.g. between W6 and W9. In EGB the peak appeared to be later in the north than in the south (Fig. 5) , but there are also exceptions at Stns E4 and E5, where the total nitrogen peak preceded the Aphanizomenon sp. peak. Without the high level of replication used in the present study, it would not have been possible to obtain the clear results presented in Fig. 4 . The estimate of spatial variance makes it possible to separate the components of spatial and temporal variance.
From the estimate of spatial variance we can calculate the minimum number of replicates needed to detect a given change between 2 years by ANOVA with a certain power (Sokal & Rohlf 2000) , where 80% is often used as an acceptable limit for detection. The power parameter Φ is calculated from the minimum detectable difference and the SD, according to
where n is the number of replicates, δ is the desired minimum effect to be detected and a is the number of treatments (in this case 2 yr). The number of replicates required is determined by an iterative procedure and a power table of Φ or by software. If the change between peak and preceding minimum of total nitrogen and abundance of Aphanizomenon sp. is our detection variable, we can calculate the number of replicates required to detect a given change in these variables between 2 years, assuming that sampling is performed with a sufficient frequency to identify a maximum.
Total nitrogen increased by 3.2 µmol N l -1 in both basins and the best estimate of variability is the pooled SD of 1.54 (WGB: 1.24, EGB: 1.79). In order to detect (for instance) a 50% greater concentration increase in another year by ANOVA, we must be able to separate a peak concentration that is 1.6 µmol N l -1 (0.5 × 3.2 µmol N l -1 ) greater than the peak concentration in 2002, assuming that the initial total nitrogen concentration was similar between years. This means separating 23.2 from 24.8 µmol N l -1 in the WGB, or 24 from 25.6 µmol N l -1 in the EGB, which would require 16 replicates using the same spatial scale as this study (~5 nm). Similar calculations can be made for different levels of increase (Fig. 8) , and the required number of replicates increases rapidly with precision demands, such that detecting a 10% change requires ~400 replicates.
Because the difference in Aphanizomenon sp. abundance between basins was small, a common maximum abundance (~15 m l -1 of filament) can be calculated for July 1. The pooled SD is large (~5.4), but since changes in abundance are also large, the precision of the samples is good. The number of replicates required to detect a 50% change in peak abundance is ~10, which is slightly less than that required for total nitrogen concentration increase (Fig. 8) . It should be remembered that although Aphanizomenon sp. is the dominant species, the increase in total nitrogen in the UML estimates fixation by all nitrogen-fixing species. Power calculations from highly replicated data sets of this kind are essential in order to scale monitoring programs to desired levels of detection.
The similarity between WGB and EGB in both total nitrogen concentration and abundance of Aphanizomenon sp. (Fig. 4) suggests that sampling programs can be designed without separating these basins. Pooling of samples reduces variation because the small-scale variation is eliminated, and each individual pooled sample can -according to the central limit theorem -be assumed to belong to an approximately normal distribution of means. The SD of pooled samples can be seen as a SE (standard error) that relates to the true SD between individual hose samples, because SE = SD/(n) 1 ⁄2 , where n is the number of pooled hoses (in this study, n = 3). In a time series of coastal samples with 6 replicates of non-pooled hoses at 1 station (L. Almesjö & C. Rolff unpubl.), a maximum of 13.1 m l -1 with a SD of 1.28 was found. ], which is an important gain in precision. Since pooled estimates can be assumed to come from an approximately normal distribution, pooling also increases the power of tests by facilitating the use of high-power statistical methods such as ANOVA and regression. Pooling of hose samples is highly cost-efficient because it requires little time at sea and the gain in precision can be considerable.
CONCLUSIONS
Blooms of nitrogen-fixing filamentous cyanobacteria are major sources of nitrogen input to the eutrophicated Baltic Proper. In 2002, filamentous cyanobacteria were estimated to fix 310 ktons N yr -1 in the Baltic Sea, equivalent to more than one-third of total external load. Only a minor fraction of total nitrogen increase in the UML can be assumed to remain in the biomass of nitrogen fixers. Because sedimentation in the bloom period is low and inorganic nitrogen concentrations are close to the detection limit, it is likely that most of the nitrogen fixed by blooms leaks from the cyanobacteria and plays a major role in maintaining a high nondiazotrophic phytoplankton production. This production will eventually also stimulate fish production. Blooms also contribute substantially to the Baltic nitrogen load (and hence eutrophication), as well as being a serious water quality problem, hampering waterbound recreational activities and posing a toxin threat. There is a common perception and some evidence that blooms have increased in intensity and duration as a result of increased phosphate concentrations. However, scientific information on spatio-temporal variations of the blooms is fragmentary, and we cannot determine with certainty if the blooms are indeed escalating. This study indicates that detection of a 50% between-year change in bloom size or nitrogen fixation requires a basin-wide sampling effort of ~10 to 20 replicates at biweekly intervals during the bloom. Considering the huge cost of eutrophication abatement measures, it should be a top priority to ascertain on a year-by-year basis how the blooms are affected by natural weather conditions, phosphate availability and changes in anthropogenic loads. 
